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The HDAC4 phenotype is reminiscent of that of Bruce A. Hug
RUNX2 mutant animals. RUNX2 is a DNA binding tran- Department of Pathology and Laboratory Medicine
scription factor with a well-known role in endochondral University of Pennsylvania
and intramembranous bone development. Loss-of- Philadelphia, Pennsylvania 19104
RUNX2 function slows bone development, and gain-of-
Selected ReadingRUNX2 function accelerates bone formation (Komori et
al., 1997; Otto et al., 1997; Takeda et al., 2001). Thus,
Chang, S., McKinsey, T.A., Zhang, C.L., Richardson, J.A., Hill, J.A.,the in vivo findings suggest opposing activities of and Olson, E.N. (2004). Mol. Cell. Biol. 24, 8467–8476.
HDAC4 and RUNX2. Vega and colleagues propose a
Komori, T., Yagi, H., Nomura, S., Yamaguchi, A., Sasaki, K., Deguchi,
link between HDAC4 and RUNX2 that might be similar K., Shimizu, Y., Bronson, R.T., Gao, Y.H., Inada, M., et al. (1997).
to the link between HDAC5/9 and MEF2 previously ob- Cell 89, 755–764.
served in cardiomyocytes (Vega et al., 2004). HDAC4 Otto, F., Thornell, A.P., Crompton, T., Denzel, A., Gilmour, K.C.,
and RUNX2 interact in the context of transfected cell Rosewell, I.R., Stamp, G.W., Beddington, R.S., Mundlos, S., Olsen,
B.R., et al. (1997). Cell 89, 765–771.lines, and the interaction interferes with RUNX2 DNA
binding in both EMSA assays and chromatin immuno- Schroeder, T.M., Kahler, R.A., Li, X., and Westendorf, J.J. (2004). J.
Biol. Chem. 279, 41998–42007.precipitations. These striking observations suggest that
Smith, N., Dong, Y., Lian, J.B., Pratap, J., Kingsley, P.D., Van Wijnen,the phenotypic effects of HDAC4 could be linked to its
A.J., Stein, J.L., Schwarz, E.M., O’Keefe, R.J., Stein, G.S., and Drissi,ability to interfere with RUNX2.
M.H. (2004). J. Cell. Physiol., in press. Published online SeptemberAs the authors note, the influence of HDAC4 on
13, 2004. 10.1002/jcp.20210RUNX2 does not rule out the possibility that HDAC4 has
Takeda, S., Bonnamy, J.P., Owen, M.J., Ducy, P., and Karsenty, G.critical roles in the regulation of other factors important
(2001). Genes Dev. 15, 467–481.
to bone development. Future analyses will likely provide
Vega, R.B., Matsuda, K., Oh, J., Barbosa, A.C., Yang, X., Meadows,definitive insight into the effector transcription factors
E., McAnally, J., Pomajzl, C., Shelton, J.M., Richardson, J.A., et al.
downstream of HDAC4. Indeed, RUNX1 and RUNX3 (2004). Cell, this issue, 555–566.
have roles in bone development and share homology Westendorf, J.J., Zaidi, S.K., Cascino, J.E., Kahler, R., van Wijnen,
with RUNX2, making them prime candidates for interac- A.J., Lian, J.B., Yoshida, M., Stein, G.S., and Li, X. (2002). Mol. Cell.
tion with HDAC4 (Smith et al., 2004; Yoshida et al., 2004). Biol. 22, 7982–7992.
More detailed studies of mutants defective for the Yoshida, C.A., Yamamoto, H., Fujita, T., Furuichi, T., Ito, K., Inoue,
HDAC4-RUNX2 interaction will likely help to refine the K., Yamana, K., Zanma, A., Takada, K., Ito, Y., and Komori, T. (2004).
Genes Dev. 18, 952–963.mechanism by which HDAC4 influences chondrocyte
Zhang, C.L., McKinsey, T.A., Chang, S., Antos, C.L., Hill, J.A., andgrowth.
Olson, E.N. (2002). Cell 110, 479–488.The data presented by Vega and colleagues reinforce
the importance of HDACs to bone development in vivo
(Vega et al., 2004). To date, three HDACs (3, 4, and 6)
have been shown to contribute to RUNX2 activity in vitro.
HDAC3 is a class I enzyme that binds the N terminus of
Silence of the RingsRUNX2 and is important for RUNX2 repression in several
cell lines (Schroeder et al., 2004). HDAC6 is a class II
enzyme that binds the C terminus of RUNX2 and is better
known for its tubulin deacetylase activity (Westendorf
Two recent papers (de Napoles et al., 2004 and Wang
et al., 2002). Lessons from the cardiomyocyte model
et al., 2004) have linked monoubiquitylation of histone
suggest that multiple HDACs participate in the same
H2A to the activities of E3 ubiquitin ligases that residepathway while contributing unique, nonredundant func-
in Polycomb-group repressor complexes.tions. Recall that a deficiency of either HDAC5 or HDAC9
is sufficient to produce cardiac hypertrophy, indicating
The awarding of the 2004 Nobel prize in Chemistry tothat the two genes have some activities that are not
Aaron Ciechanover, Avram Hershko, and Irwin Roseshared (Chang et al., 2004). Bone development might
recognized their seminal contributions to the field ofbe similar in that multiple HDACs are required for appro-
ubiquitin-mediated protein turnover. Yet, it is worth re-priate regulation of downstream transcription factors.
membering that the first ubiquitylated protein identifiedAlternatively, other HDACs could contribute to different
in eukaryotes was a chromatin protein—histone H2A—temporal or spatial aspects of bone development. For
that does not undergo proteolysis (Goldknopf et al.,example, there could be an HDAC requirement for
1975). In contrast to proteins targeted for degradation,RUNX2-dependent intramembranous bone develop-
which contain long chains of ubiquitin, H2A and otherment or for later stages of endochondral development.
histones that carry this modification are monoubiquity-The HDAC4 phenotype inspires many new hypotheses.
lated. The significance of this form of ubiquitin attach-The discovery that HDAC4 impacts upon chondrocyte
ment remained a puzzle for more than two decades,hypertrophy provides exciting new information about
until it was shown that monoubiquitylation played a keyan important transcription factor. The observation that
role in endocytosis and intracellular protein trafficking.HDACs 4, 5, and 9 are linked to hypertrophic growth
In these systems, ubiquitin was found to provide a pro-raises additional questions about general properties of
tein interaction surface, thus ensuring targeting ofthis class of transcription factors. As the phenotypes of
monoubiquitylated proteins to the proper cellular com-other HDAC mutations are probed in detail, it will be
partment (Hicke, 2001). The notion that monoubiquityla-exciting to learn whether this class of proteins has a
general role controlling cell growth. tion of histones might provide an analogous role in chro-
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matin gained support with the publication of the histone contain an activity that could ubiquitylate H2A in vitro
code hypothesis, which posited that covalent modifica- in the presence of E1 and E2 enzymes, ATP, and Flag-
tions of specific residues in histones provide binding ubiquitin. They then fractionated and ultimately purified
platforms for proteins that affect the accessibility of this activity through multiple chromatographic column
chromatin to factors involved in transcription and other steps. Mass spectrometry analysis and subsequent im-
DNA-mediated processes (Jenuwein and Allis, 2001). munoaffinity purification revealed that the activity con-
Despite its long history, little was known about the stituted an H2A ubiquitin E3 ligase complex comprised
function of ubiquitylated H2A in the cell. Its relative of the human PcG proteins Ring1, Bmi1, Ring2, and
abundance (5%–15% of total cellular H2A) suggested HPH2 (Human Polyhomeotic 2). They named this com-
that it played a prominent role in one or more cellular plex hPRC1L (human PRC1-like) because it contains
processes. Although it was initially linked to transcrip- a subset of the proteins present in the larger hPRC1
tionally active chromatin (Levinger and Varshavsky, complex. The catalytic subunit of the E3 ligase complex
1982), there were also hints that it might be involved in was shown to be Ring2, and mutations that destroyed
transcriptional silencing because of its enrichment on the RING domain abrogated its activity. Ring2 was also
the heterochromatic XY body in mouse spermatocytes found to regulate H2A ubiquitylation in vivo, as its knock-
(Baarends et al., 1999). Ubiquitin is covalently attached down by siRNA in HeLa cells globally decreased uH2A
to lysine 119 in the C-terminal tail of vertebrate histones. levels by 75%. Because human Ring2 is equivalent to
Like polyubiquitylation, monoubiquitylation occurs through mouse Ring1B, this represents a satisfying convergence
a series of concerted enzymatic reactions involving an E1- of results.
or ubiquitin-activating enzyme, an E2- or ubiquitin-conju- As significant as these results are, a key issue is
gating enzyme, and an E3 or ubiquitin ligase, which acts whether the role of PRC1 complexes in transcriptional
with E2s to provide target specificity (Pickart, 2001). silencing is mediated through their regulation of H2A
Recent studies in yeast have revealed the E2 (Rad6) and ubiquitylation. While the Brockdorff group reported that
E3 (Bre1) that regulate ubiquitin attachment to histone they were unable to detect reactivation of Xi-linked
H2B (Osley, 2004), but the enzymatic machinery that genes in the absence of Ring1A and Ring1B, the Zhang
attaches ubiquitin to H2A has remained elusive. Using group presented strong evidence that Ring-mediated
different approaches, two exciting new studies have H2A ubiquitylation plays an important role in gene re-
now provided the first evidence that E3 ligases targeting pression in flies. First, they showed that dRing, the Dro-
vertebrate and fly H2A for monubiquitylation reside in sophila homolog of Ring2, and uH2A colocalized to the
protein complexes that are known to play important Polycomb response element (PRE) at the PcG target
roles in gene silencing. gene Ubx. Second, they reported that knockdown of
The Brockdorff group began by examining the recruit- dRing led to the loss of uH2A and PRC1 from the PRE
ment of the PRC1 Polycomb group (PcG) complex to and the concomitant derepression of Ubx. It is of interest
the transcriptionally silent inactive X chromosome (Xi) that uH2A and uH2B appear to play opposite roles in
of mouse. PcG proteins form two large mutiprotein com- gene expression, with uH2A now firmly implicated in
plexes, PRC1 and PRC2, which have been implicated transcriptional silencing and uH2B in transcriptional ac-
in heritable gene silencing in both flies and vertebrates tivation (Henry et al., 2003; Kao et al., 2004). Although
(Otte and Kwaks, 2003). Previous work from the Brock- at first glance surprising, it is worth noting that methyla-
dorff lab had demonstrated that the PRC2 complex is tion of different lysine residues in histone H3 can also
recruited to Xi early in the process of inactivation, and lead to very different transcriptional outcomes (Peterson
using antisera against various components of the PRC1 and Laniel, 2004).
complex coupled with immunofluorescence analysis, A number of important issues remain to be investi-
they now show that PRC1 is also enriched on Xi during gated concerning the role of uH2A in transcriptional
the same period. Two PRC1 subunits, Ring1B and silencing. A key question involves the mechanism by
Mel18, were noted to have RING domains that are fre- which uH2A affects gene expression—does it structur-
quently found in E3 ubiquitin ligases (Pickart, 2001), ally perturb chromatin to make it less accessible to acti-
suggesting that the PRC1 complex might ubiquitylate a vators or does it provide a binding site for proteins that
target on Xi. Using a monoclonal antibody that recog-
set up a repressive chromatin structure? Another possi-
nized ubiquitylated H2A (uH2A), they found that uH2A
bility, that it is involved in the trans-histone regulation
is present globally on mouse chromosomes and en-
of the repressive H3 lysine 27 methylation mark by theriched on the inactive X. Moreover, the onset of H2A
PRC2 complex, was eliminated by both the Brockdorff andubiquitylation on Xi almost precisely coincided with the
Zhang studies. A second question concerns the identity ofrecruitment of Ring1B to this chromosome. In an elegant
the remaining enzymatic machinery that regulates H2Aseries of gene knockout experiments, they concluded
ubiquitylation. Because RING domain-containing E3 li-that these events were directly linked. uH2A levels were
gases function in concert with E2 ubiquitin-conjugatingglobally depleted by deletion of Ring1B, while uH2A
enzymes to attach ubiquitin to target proteins, it is likelypresent on Xi was depleted by the simultaneous removal
that the Ring proteins identified in these two studiesof both Ring1B and its closely related homolog, Ring1A.
will prove to be only part of the regulatory system thatThe notion that the Ring1B protein might be directly
ubiquitylates H2A in vivo.involved in global H2A ubiquitylation through its activity
as an E3 ligase gains strong support from work per-
Alastair Fleming and Mary Ann Osleyformed by a group led by Yi Zhang. In a tour de force
Molecular Genetics and Microbiologybiochemical approach, this group went directly after the
University of New Mexico School of MedicineE3 ligase responsible for H2A ubiquitylation in human
cells. HeLa cell nuclear extracts were first shown to Albuquerque, New Mexico 87131
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Note Added in Proof
Yi Zhang’s group has also noted that Ring1B and uH2A are recruited
to the inactive X early in the process of inactivation (Fang, J., Chen,
T., Chadwick, B., Li, E., and Zhang, Y. [2004]. J. Biol. Chem., in press).
